We study a spontaneous breaking of space-time symmetry in a chiral SU(2) model and find that another type of Higgs mechanism can be operative. Nambu-Goldstone vector mesons emergent from spontaneous gauge and Lorentz violations are in this case absorbed by a left-handed chiral doublet and endow one of the two fermions with a right-handed chiral state. Accordingly, this mechanism allows for a chiral fermion to acquire a mass and enables us to construct a Lorentz-covariant and left-right symmetric electromagnetic current simply from a model with a single chiral doublet. 11.30.Qc, 11.30.Cp We understand under the name of Higgs mechanism [1] [2] [3] that the Nambu-Goldstone bosons emergent from spontaneous symmetry breaking are absorbed by gauge bosons, and the gauge bosons in turn acquire longitudinal polarization states and become massive.
We study a spontaneous breaking of space-time symmetry in a chiral SU(2) model and find that another type of Higgs mechanism can be operative. Nambu-Goldstone vector mesons emergent from spontaneous gauge and Lorentz violations are in this case absorbed by a left-handed chiral doublet and endow one of the two fermions with a right-handed chiral state. Accordingly, this mechanism allows for a chiral fermion to acquire a mass and enables us to construct a Lorentz-covariant and left-right symmetric electromagnetic current simply from a model with a single chiral doublet.
PACS numbers: 12.10.-g,11.30.Qc, 11.30.Cp We understand under the name of Higgs mechanism [1] [2] [3] that the Nambu-Goldstone bosons emergent from spontaneous symmetry breaking are absorbed by gauge bosons, and the gauge bosons in turn acquire longitudinal polarization states and become massive.
We report here that if, in addition to gauge symmetries, space-time symmetries are also spontaneously broken, another type of Higgs mechanism can be operative. The new mechanism generates from a left-handed chiral doublet and Nambu-Goldstone vector mesons a righthanded chiral singlet, which enable a chiral fermion to acquire a Lorentz-invariant mass.
The model in which this mechanism is found operative is the system of a chiral doublet coupled with massive SU(2) gauge bosons [4] :
where ϕ 1 and ϕ 2 are left-handed Weyl spinors. The mass of gauge bosons is implicitly assumed to be provided by the vacuum expectation values of the Higgs fields. It is also assumed for simplicity that the model satisfies only a global SU(2) symmetry, and therefore F µν contains no non-abelian part. The model with local SU(2) symmetry has been discussed in the first paper [5] .
We recapitulate for completeness the method discussed in [5] for breaking spontaneously Lorentz and global SU(2) symmetries. We first divide the Lagrangian (1) into a free part 
and provide a chiral doublet with an extra self-enegy Σ:
If the self-energy cancellation condition Σ −M = 0 is satisfied, Lorentz symmetry can break spontaneously. We show thatM = m 2 ρ · σ actually satisfies the condition. In this case we find
where Λ is a 3-momentum cut off. The Lorent-covariant estimation of a quadratically divergent integral (5) requires some caution, since the value of a divergent integral depends on the method of estimation. Since the quadratically divergent part of (5) is independent of m, we have separated it as a Lorentz-invariant integral k 1 . The remaining part is finite and we can safely calculate Γ L by doing the time-like integration first.
The self-consistency condition reduces to
The interaction representation of the chiral doublet operator Ψ is expressible in terms of the creation and annihilation operators for emergent quasi fermions:
where χ ps are iso-spinors with momentum p and isospin s, while ϕ ps are those corresponding to ordinary Weyl spinors. The dispersion relations (9) are equivalent to those of neutrinos and electrons, provided that m is identified with the electron mass, since additive constant terms ±m/2 could be absorbed by local phase transformations for their effective Dirac fields [6, 7] . Another difference between quasi leptons and real leptons is that a quasi-electron has only one spin state, just as a (quasi-) neutrino does. However, a quasi-electron becomes to have two spin states owing to the "Higgs-like" mechanism explained presently.
A question naturally arising with a theory of spontaneous space-time symmetry breaking is of whether the theory can give Lorentz invariant amplitudes. We know that even Lorentz invariant gauge theories require Lorentz invariant regulators and Ward identities for giving Lorentz-and gauge-invariant results. Accordingly, it will be clear in our case that Lorentz invariance requires all the more the stronger identities with respect to Lorentz symmetry.
For example, the differentiation of (5) with respect to m aµ gives
where
is the vacuum polarization. On the other hand, the selfconsistency condition reads
Consequently, the combination of (12) with (14) gives
which is a Lorentz-and gauge-covariant expression. Though general arguments on the "quasi"-Ward identities like (12) required for obtaining Lorentz-invariant amplitudes are not within the scope of this report, one remark may be in order. The equation (12) is an identity, but (14) is a condition satisfied only for specific values of m aµ , which are linked to the regulator of divergence. Therefore, the Lorentz-and gauge-covariant result (15) seems to require for us to treat the self-consistency condition in the same manner as the equations of motion. The calculation for the propagator of vector mesons by the ladder approximation becomes in our case the same as that of the vacuum polarization correction of the gauge boson propagator. We obtain from (15)
which implies the emergence of massless vector mesons, as expected from the Nambu-Goldstone theorem [8] [9] [10] .
The emergence of Nambu-Goldstone mesons is also confirmed by the massless pole in matrix elements of the SU(2) current j µ a . If its matrix element between onequasi-fermion states is expressed as
the current conservation leads
Then a massless pole appears in the longitudinal part of Λ µ a :
However, we can verify by using (10) that
holds, which implies that the pole term in a matrix element for quasi-neutrinos disappears, or equivalently that the massless vector mesons do not interact with quasineutrinos. For quasi-electrons, on the other hand, the divergence of the pole term can be rewritten in the form
which can be verified by the help of the identities obtainable from the conservation of a Dirac current in a 2-spinor representation:
etc.. We have similar expressions for quasi-positrons, as well as for the pair creations and annihilations. As the result, if we introduce the R-operator by
then RΨ satisfies [σ µ i∂ µ −M ]RΨ = 0 and the massless pole term (19) can be transformed into
in matrix elements for neutral currents. Comparing (24) with (10), we see that the R-operation for the wave functions of quasi-electrons is equivalent to the simultaneous spin-and isospin-reversals. The disappearance of a massless pole from the matrix elements for neutral SU(2) current is interpretable as that the Nambu-Goldstone vector mesons are absorbed by a quasi-electron and endow it with a right-handed chiral state, or create a right-chiral quasi-electron. Viewed from the final situation only, it looks as if the vector mesons were transmuted to fermion states, which is in contrast to the ordinary Higgs mechanism that boson states are transformed into the other boson states.
The emergence of a right-chiral quasi-electron will require to modify the iso-scalar current:
into the effective one:
due to the conservation of quasi-lepton number. Then combining the quasi-lepton number current as the zeroth component can extend the effective isospin currents to four dimension:
(28) It will be clear that the "quasi" Higgs mechanism does not necessarily remove from amplitudes all the NambuGoldstone vector mesons, since the pole term still remains in matrix elements for charged weak currents: e ′ |j µ a (x)|ν , etc.. Moreover, there exists a possibility that an iso-scalar vector boson may also emerge as part of the Nambu-Goldstone mesons, as follows.
Lorentz invariance requires the conservation of the symmetric energy-momentum tensor T µν , which is in our case given by
where the covariant derivative ∇ µ is defined by
If we express a matrix element of (29) for quasi leptons in the form
then the conservation of T µν gives for the longitudinal part of X µν :
In contrast to the ordinary Lorentz-invariant theories, this term vanishes neither for neutral nor charged currents, since the energies of quasi leptons have, as seen from (9), extra potential terms ±m/2. The pole term (31) is iso-scalar in nature, and suggests the emergence of an iso-scalar Nambu-Goldstone vector meson. It has been reported in a previous paper [11] that due to those extra potential terms, our model gives at the tree-level the energy conservation different from the conventional form for the charged weak interaction processes. We expect that this iso-scalar meson may resolve the remarked problem, though discussions on all the fates of possible Nambu-Goldstone mesons are also beyond the scope of this paper.
The quasi Higgs mechanism enables us to represent the electromagnetic current j µ em (x) = eψγ µ ψ in terms of J µ α . If the coefficients e αs ′ s are defined by
they satisfy the orthonormal conditions:
and can transform an iso-vector to a bi-spinor. We actually verify that the equality
holds, where [12] , leptons are described by a left-handed doublet and a right-handed singlet for each generation. We see that the idea of simultaneous breaking of gauge and space-time symmetries reproduces automatically the identical asymmetric fermion configuration simply from a chiral SU(2) doublet, which in turn strengthens the view advocated in [5] that the spontaneous breaking of space-time symmetry may be responsible for the structure of the standard model.
The standard theory assumes that Higgs bosons give mass also to fermions. Though the experiments seem to support this view [13] , it may be theoretically an unsatisfactory point, since there is no principle to introduce many coupling constants to make Higgs bosons couple to fermions.
Contrastingly in our theory, the mass of a charged lepton originates from another type of Higgs mechanism which can occur when Lorentz symmetry is spontaneously broken. According to this view, the bosons providing a chiral fermion doublet with the right-handed chiral singlet and making one of them massive are not scalar Higgs bosons, but another Nambu-Goldstone vector mesons emergent from the simultaneous gauge-and Lorentz-violations. Even in this case, however, the mass of a charged lepton originates from the mass of gauge bosons, which implies in turn that the Higgs bosons are still indirectly responsible for the masses of charged leptons.
